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NEW METHOD OF CALCULATING THﬁ POWER AT ALTITUDE OF
AIRCRAFT ENGINELS EQUIPPED WITH SUPERCHARGERS ON
THEE BASIS OF TESTS MADH UNDER SEA-LEVEL CONDITIONS*

By Marcello Sarraclino
* INTRODUCTION

The present article deals with what 1as considered to
be a sinpler and rnore accurate nmethod of deternining, fror
the results of bYench tests under avproved rating cordi-
tions, the power ot altitude ¢f a supercharged aircraft
engine, wlthout application of correction fornmulas.,

THEHE CONVEKNTIONAL METHOD
(Reference 1)

Before proceoding with the description of the proposed
nethod, we shall briefly sumnarize the convontional proce-
dure of detormining the charactoeristics at altitude.

The alr intnke of tho ongine 1s connectoed, by neans
of plpos, to a tank of a certaln capacity, tho "box," con-
nunlicatirg with tho outside through ar opening fitted with
a rogulating shuttor,

The test is rmade with full orgine throttle, the valve
of the %box" being regulatod to vary the air-intake pres—
sure and the boost prossure. . At tho different speeds, the
horsejowor of the engine, the boost pressure, and the pres-
sure 1ln the box are observed = the latter doing tho one
which defines the fliotitious altitude of operation.

™

"Huovo metodo per 11 calcolo della potenza in quota deil
notorl dtaviazione nuriti di conpressore in base alle
Prove effettuate relle corndizionl al suwolo.? Atti di
Guidonia Fo. 28, June 20, 1940,
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Substantially, such-a -tast = bepldes affording a cor-
relation Yetween horsepower and boost preassure coincident
with tho Y"ealibration ocurve" of the engline at different
speeds - merely supplles the compression ratlo of the su-
porcharger under different operating conditions.

The corrections to be applied to the date obtained,
relate elther to the suvercharger compressiorn ratlo or to
the power of the engline. In regard to the supercaarger
conpression ratio, the effect of the alr-intake tempera-
ture 1s habltually taken into account ™ neans of an ex~
Perinental formula, originally proposed db¥ Brooks:

rg = Tp [1 + 0.00063 rp® (ty = tg)] 1)

where r 1s the supercharger compressior ratio, and ¢
s the alr-intgske tenperature; the subscripte g and »p
refer to operating conditions at altltude and sea level,
respectively.

This procedure affords for each speed and each altl-
tude in standard air, a correspondirg corrected boost
pressure and, in particular, determiration of the rated
altitude at the normal boost Dpressure.

The horsevower fornula genfrallr enploved, was also
originplly suggested br Brooks?

: . " 760-p Tp
= . a - + __.9 — 2
IIz—IIP '1+0 00063 Tp (tp tz) l(l 3500 J/f;: (2)

Nersepesm:-

where TII, 18 the effectlive preessure, and P, is the at-—-
nospheric preseure (in mnm Hg).

Thies forrnula enables procedure from the power observed
1n the test to the engine powor developed at altitude, and
correspords with the correectod boost pressure.

The first torm in rormula (2) allows for the rise in
conpresslon ratio of the suporcharger, and hence, with’

Y) : .. B29+ty
Tho Itallan standard svecifies:’

. d
529+Fz;ffn&taa of

Tho rosults are prac%icalib the samos
] S [ ' L} -
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full engline throttle, for the .corresponding rise in boost
bpressuro of tho ongine with respect to that dlsposadble in
the test; the #8éeond term nllows for the rise of density
of the charge cpngequent to the lower alr-intake tempera-~
ture; and the tern allows for the depression in the
exhaust which nanifests itself eilther by a better volu-
netrlic efflclency or by a galn in the effective area_ of tae
c¥cle due to the lowering of the exhaust line.

A sinmilar fornula 1s used to determine the power de=-
veloped 1In flight, on the basis of the known boost pres-—
sure P, atmospheric pressure Dpy., and temperaturo t;.
The powor I'.[° is taken from the calidbratlion curves re-—
duced to zoro altitude in stanndard air, nnd corrocted dy

T Pn = P
P o) ~g
II = II -  — L3
% ° Ty (1 3500 (3)

CRITICISM OF PRESENT CORRECTION METHOD

-~

Oae critlical odbJection to tao corroction fornmula usod
at presont 1s, thnt it is apnlied to tho offective horso~
powor, whlle the ntrospherie vressure nnd tomperature di-
rectly offoct the wolght of ailr consurod by the ongine, to

walch - as wlll bo shown -~ tho offoctlvo power is not di-
roctly »roportionnl.

Thls inaccuracr of applicention of tho correction for-
nula - if not conducive to ,reat orrors while the correc=-
tion factors aro small (as, for instance, when reforring
the power observed on the tost “ench at zoro altitude in
standard air) - will lead to substnntial errore if the
correctlion factors are high, as occurs with the decrease
of powor at high nltitude.

The innecurante method of application of the correction

factors is clecrly evident in the first term, roelating to
the boost pressure.

Fornula (2) aseumes that the power varies diroctly
proportional to the boost pressuro while, on the contrary,
as is soon, the power varios in rolation to the boost
prossure, according to an approximntely rectilinoar curve,
which doos not pass through the point of origin dut inter-
sectes tho nogatlvo sominxis of tho ordinate (roforonce 2).
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As rogards tho factor reloting to the dpopression in
the exhaust source, objectlion i1s rpised about its struc-
ture, since theory shows mand expsrience proves that such
o correctlve term, applied direct to the effective power,
should be ~ aslde from the exhaust pressure ~ a function
of the indicated noan pressure of the cvcle (referonce 3).
Moroovor, tho effoct of depression in the oxhaust on tho
eylindor charge, i1s grontly influenced and compliceted oy
tho valve overlap betwocn tho intnke and exhaust phases =—
rosulting in partial scavenging of the condbustion. chanbdor,
which cannot be allowed for with a gencral fornula appli-
,cable to any engino.

PRINCIPLE OF A NEW METHOD OF DETERMINING

THE EORSEPOWER AT ALTITUDE

Cognizant of the deficioncios of the present correc~
tion fornulas, wvarious authors have recentl> advanced nore
rational and rore ncourato rothods.

Zoyns ard Caroselll,.of the DVL (roference 2), pro=-
rosed 2 method based on tho soparction of irdicated powver
and powor loss which, althouzh bevond reproach theoretic-
ally, nor oncountor difficultios in practico, because it
is predicted on the knowlodye of the power loss ard 1its
nodo of variption with altitude. ’

. In o subsequont report, Zoyns (roferenco 4) doscrides
the results of tostes nmando in the DVL on the air consumption
of engines ard its demendence on the altitude, noting per-
ticularly tae effect of valve overlap between intake and
exhaust cycle, and 1ts consequent phenonmena of scavengling
in the conbustion.chanber. On this occasion tho author
observed, without entering into details, how the knowlodge
of alr consunption night constitute an indication of the
effoctlive power develnpod bdr the engino. .

This concept forms a real rational basis for the solu-
tion of tho problenm presented. In fact, since tho sur-
rounding atnospheric conditions do not affect -~ at least,
for the greater part - the engine power dircetly, but tae
alr consuned by the engine, it 1s possidle by gearcaing
firet for the effect on the latter and then re¥yerting to
.the former oy means of an experimentally obdtained formula,
.%o get results which will be sinpler and easier to apnly,

in general, to differant twnos of englres.
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_ On the other hand, the nethod is relativel™ easy to
apply, since 1t nerely involves the reading of the alr
consunption, which is ocasily acconmplished with calldrated
nozzlos and dlaphragns or special volunmetric counters.

Doveloping this prineciplo, we will now explaln in
dotall tho node of application of this nothod.

First, wo ogstnblish the corrolation betwoon alr con-
sunption and horsopower, computo for o spocifiod doost
préssure the alr consunption, and honce, the powor dovol~
opod undor ~ay conditlons of atmospherlec pressuro and ten-
poraturc dlfforent fron that of tho tost; su,gosting in
this connoction, eoveral oxporinontal procoduros devoloped
in our laboratorios for the purposo of facilitating and nak-
ing nore socuro tho calculation.

Noxt, wo comparc tho operation at zltitudo of tho su-
porchargor, indicating new critoriors for dotormining the
boost prossuro odtainadle with full tarottls ot anyr altli-
tudo.,

CORRELATION OF AIR CONSUMPTION AFD POWER
IN RELATION TO ALTITUDE
Notatlon
IT offocti7To horsopowor

I'Ii indicntod horsepowor

ITl, opower abaorbed by nechanlcal frictfon. ot that of
nccegsory drives (excopt auperchprger)

IT punping power corresponding to the vower consuned in
the intake and exanust phoses

IT, »ower absorved by tho supercharger

P _welght c¢f air consumed dr tho orngine ;n anit tinme
P, bopst prossuro

o Piston disnlacemont

b ALY total displacenent
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n rpn
hoat <Tnlueo of fuel

v alr-fuel ratilo

ﬂi indicatod offlcleoncy

P ntnoedheric pressuro

atnosphoric terperature

Yo have:

IT = ITy - II, - TI, (¢)
Tho 1ndicated horsonowor is:

I1y = K¢ 2:5 M (5)

where K! 1is a constart, tho 7aluo nf which doﬁonds on
tho omployod nmeasuring unit.

Heroinaftor, tho nixturc ratio is assuned to be con—
stant, so that H/W is o corstant. The indleated effi-
ciency T3 irmtroduced in equation (5) is equal to the ra-

tio of energy corresponding to tho area of the crcle, and
that 1e oqulvalent to the heat doveloped b the combustlon
of the fuel weight inducted into tho erlindor. Dofilznod in
thnt nannor, due allowanco a2lsn is made for the offectlvo
procosses of orergy in the intakec and the oxhnust phasos
nrd tho area of tho cyclo included betwcon tho two corre—
apoading roproesertative lines.

Foliowing standard practico, this nortion of the cwecle
nav bYo considorod separately by irntroducing tho corcept of
punping powor. Ir tho noro gencral case, punplng power
conmprises o nogatlvo torm corrosponding to tho enorgy loss
duo to fluld resistanco in t2o0 intake nnd oxhaust pipos
(the boost pressure beconing equal tn that of tho exhaust
back pressure, would be renresented dy the negativTe area
nf tho evclo conprised betwoon the lincs of intako and ex-
haust), 2nd a tornm roprogonting the onorgv due to the cvorn-
tual difforonco detwoon boost and oxhaust dback pressure,
and wilex 1s positivo or nogatiwe, according tn whother tho
Tirat 1s groator ~r onallor th-~n thec socond, -
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- —- Uitk this convortior’, wo.Hx7o:

IT; = K! 1’-;5 Tt TIp (s)

whoro ni' ia conputed a8 17 tho cyclo dovolonod dbetwoen

an oqual boost prossurc and oxhaust dack prossuro, and with
punping lossos diseounted,

Thor weo can put:

- gn 40 n - - "

I, = K +L a (p, Pg) I} (7)
whero II; roprosonts theo punmplng lossos whon the doost
prescgure oqunls that of thc oxhnust 'pg (t10 same but op-
voslto profix for antrospacric prossuro p), K" 1is' a cone

-stant doporndont on the chosen noasuring unit, and ao 1is a

gultnblo coofficioert.

Coofficlont a evontually differs fronm uzity to allow
for thoe fact thnt tho chnange 1n monn pressure of the eyclo,
duo to the difforonco in boost and exhaust prossure, can
bo difforont from that of t2o two prossures bocause of
‘ovontual rodificatliorn of tho intake and oxhnust lires with
rospoct to the courso rosulting when both prensureg aro
oquale. Hence,

‘ -
r1=x' s z",’-.“—a%a (Pa=pg) = Tlp + TIp = TIg (8)
. . . - - . 1

Tho indlcated ofﬂicioncy--ﬂfq- in cloec approxination,

can vo conslidorod a constart with respect to tho chnzgos 1n
ntnoosphoric vprossiro and tdnpornturo. it well-dofinod lir-
its, within which such é¥snges nceur-in the probion under

corslidorntion. oo

. " -
S =

Powor II.., ubsorued br tho ﬁecAHnical frictlion, can
be considored corstant o7 agual P and n.
) Punping pover ‘- 5 'Ebiéfhfi df & torn 7Tarinblo in re—

lation to atnosnherio pressure and o constnnt ternm,

. The vower absorbed bv the superohnrger no¥ be oxpressod
with
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- TI, = P-A - IR - (9)

vhoro coofflclent A, as will bo shown later, follows
fron an oxpression of tho tvpe

[P,fm_}. " ng ]
% /74

vhoro a 1s o dinonsional constant, n, the supercharger

rpn, ond tho third torm is o function of the two parane-
tors indlcated in parontheses.

(10)

A = a n,2 func

Assunling a constant ratio of transnlesion betwooen en-—
giro and suporchargor, tho power absorbod by tho supor-
chargor is prinarily - function of the engire rpm and of
the alr consunptiorn; socondarily, and 1n first approxima-
tion in nregliglble neasure, n Functiorn of tho avovo two
paranotcere whilch devord on atr-osphoric pressuro and ton--
porature.

Tho correlation botweon vovor and nir consunption ex—
prossod in equation (8), is eoxporinontally odbtainod dy the
plotting of o sorios of curvos —~ oach with rospect to a
constant rpn, nand nlong vaich tho air corsunption 1s nade
to canango by actlion or the cardvurotor valve. The result is
n fanlly of curvos sinilar to those of tho cnlidratiorn, dut
wilth tho difforonco that tho air consumption - ratiaor than
tho boost prassuro - is plotted on the aoacissas.

For tho fnreboing considarntions. the Onlv tern rodi-
flod in squatior (8) is that corresmonding to the punping
powor, which changes in ratio of the variaotion of Pge

I7, howevor, we plot from the curvoes ropresentativo
of TII in relation to P, thoso roprosontative of

n-K“ma—nal(Pu--Ps)

with rospoct to the moer wTarianbdle, tiaoc latter will do in-
variabdle with respect to altitude; i.c0., ntnosvhorlec »pros-
surc and tcnporature.

Sinceo Pp ‘18 krowa from test obsorvations, it nerely

roquires tant o bo krownir order that this oporation
car bo coarriod out.
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In point of fact, tkhere aroc not onough oxporinontal

-~ - datea avellabls to pormift a"snfe assunpiion of the factor

@. Gnan and Kurz of the DVL : (referenco 5), on the basis
of single-cvlinder tests, found o %o Tary, according to
the depression 1n the exhaust, and to so nuch lesser degree
as the nean piston speed was greater..

We, in turan, by evaluatior of tests nade in the Fiat
altitude test chamber oz an A-B80-RC-41 ergine (reference 3),
using various readings of the air corsunption takern at that
tine, reconstructed for such erglnes the horsepower-alr
consunption curves for o fixed speed (2100 rpm) and dif-
feroent oxhnust pressuros.

On conparison of two of such curves relatlive to 500~
moter and 4000-pnoter daromotric h e isht, respectively, we
obtainod o wvalues ranglng from 0,92 to 0,67 fror the low-
ost to tho highest boost pressure (of 550 to 850 mm Hg)

It 1s dosirable that additional %ests be made on dif-
foront types of englnes in the altitude test chamdber, in
order to obtaln othor dcta oz the factor in question.

For the prescrt - lackirg such data ~ we assume horeo=-
inaftor a constant voluo of o, corrosponding with tho
avorago of the Flat teat datn: o = 0.8.

Figuro 1 shows tho vower plotted cgainst the alr corn-
sumptlor of n l4-ecrlinder, 2~row radlial orngiac at 2200 rpm.
For simplicity, it is limitod to ozo spoed orly: in prac—
tico, of courso, such curves should be plotted for all
spcods of intorost. For tho purposoc of extornding the
ronge of wvariction of alr consumption, the test was mado
wlth boost-pressure values considoradly highor than normal
(860 mm Hg), which was possiblo by wtiliging 100-octane
fuol instoad of tho 87-octane fuol spocifiod for thls on-
gino .

From the thus—-obtailned curve which, for tho explored
rango con be considered o straoight line, we deduced that
shown as a dashed line (fig. 1) br sudbtraction of the power
corresponding to the difference in boost and exhaust back
pressuro, :

The charactoristics of the ongine on which the tests
wore mode and to which aro referred all the othoer exnori-
montal dato presented hereirafter, aro as follows!
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Alr cooling

14 cylinders, 2 rows

Total displacemont: 38,600 litors
Stroko: 165 mm

Boro: 146 mm

Comprossions 6

Intake valvo opons? 4° A.7.C,
Intake vnlve closes: 36° A,B.C.
Exhaust opens: 31° 30! 3.B.C.

Exhoust eloscs: 3° 30! A.T7,C,.
AIR CONSUMPTION AND POVWER AT ALTITUDE

The solutiorn can bo &ividod into throo steps:?

a) Ascortair the wolght of alr aspirnted in tho on-
g£inoe undor changlirng atmosphorle prossurec and
tomperaturo condltiors.

b) Aftor the air consumptiorn is computed, it is
plotted or n diagram which gives, for a spec~—

ified speed and ir relation to the alr con-
sumptior :

II - K" E%TB a (p, = p,)

¢) Add to this valus the nower fraction
1} z -
K —%;9 a (p, = py)

relative to the boost and exhaust back pressure
incurrod under the pertinent operatinzg condi-
tionrs. '

In order to studr the effect on tho alr corsumptior of
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the variables involved, we express P- as function of
these voriables. We can put .

P=23 5 v, o (11)

where

1s the "specific welght of alr at pressure p, and temper-
ature T, 1in the delivery pipes directly before the in-
take wvalves, and

Ar 1s the 7olumetric efficlency

For the calculation of Ya, the boost pressure pgy
is known, dbut not temperature Tos which differs from

that of the supercharger intake due to the heat changes in
the carburetor, in the supercharger, and in the inlet
Plpes.

"The volumetric efflclency Ar 1a defired as the ratio

of alr welght effectively inducted into the cylinder to
that of the crlirder wolumo at pressuro P, &and tempora-
ture T,.

The cvlindor charge 1s eossextially affected by three
factors: the pressuro drop of air due to rosistance on-
countored 1n entoring thoe c¢rlinder, tho tomporature rise
of tho frosh chargo duo to the oxchango of heat with the
cyliador wall, and the loss or gein in volume avalladle,
due to the comproseion and oxpansion of tho residuarzr
gasg0og upon admiseiqn of tho fresh charge. Honce,

Ar = An(p) Ar(2) PMe(a) (12)

" For our purposes it ig intoroetirg to know how the
aetmosphorlc pressure and temperature affect (zrt_Ya) or,

in other words, since Py is known,

y S
I‘Ta

The atmoapharic pressure acts essentially on Ar(s)
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whiech, in first sopproxination at least, can be considered
indepexndert of the tempersture.

The nir-intake temperature acts essentially on Tpo
and Ar(T) vhlch, however, nay be considered independent
of the pressure; then on Ar(p) which, sporoximately, can
also be considered independe=t of tho atmosphoric pressure,

Postponing tho detailed studr of Ar(s) and ito de-—~

pondonce or atmospheric prossuroe, for the timo being, we
roto for tho romailning terms of the product

Ny =
T o

that, Bo far as wo are concernod, the knowledge of thelr
absoluto ralues it unrocoseary and tant ozlw¥ rolative vol-
uos areo nooded - or, what amourts to tho same thing - tae
law of wzariation of ailr consumption iz rolatior to tho
nir-intaXkxo tomporature undor othorwiso ldcrtical operaticg
condltions,.

Iz accord with coamonly acceptod assumptions, it nay
ve sunpogod thnt tho nir concurptlions arc ir the invorso
rotio of tho squnro ronots of the ovsolute intako tempora-
turcs., This assumption 1s ostadlishod wion applyizg tho
origirnl oxnorinental law comnornlw accopted for thae power
to the oir consurptior.

Recent toste at tho DVL, referred to dv Zevns in his
report, lndicanvied a relationsaip bHetween air comsumption
and temparature in the inverse ratio of the square root.
This »point would seem, then, to be even clearer, once am-
ple data from altitude-chamber tests are availavle. Some
of the more geaeral formulas can be obtained by referring
to the temderature behrind the supercharger as well as the
alr-~intake temporature, thus eliminating the variadle of
the temperature rise in the supercharger, which may bo dis-
similar for every eangine, eccording to the characteristics
of operatlon and supoercharger officioncy itself.

To evaluate Ar(s)' the phenomsna obeerved during

the crlinder charge must b»e tanken into account, due to the
fact that the pressure of the freph charge differs from

that of the burned residuarr zas. Under the acsumption that
there is =0 valve overlap betweon the closing of the ex~
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haust and the opening of the elr intake, the cylinder vol-
ume occupled or left free by the residuary gases due to
expansion or compression, can be computed with

AV = (} - =8 _ . (13)
hence
] 1 P
Mr(a) =2+ roys (U 5 ) (14)
whers

AV volume of combustion chamber left free or
fllled with residuary gases

€ compression ratlo

m exponent of polytrople process of compression
or g¢xpansion of exhaust gases

Pg pPpressure in exhaust (coincident with ambient
Dressure Dp)

The other symbols are known.

In reality, the proceas does not correspond with the
slmpliflod schemo whick afrords the above formula, and is
usually com mpllcated by other than negliglbdble valve ovorlap
betwoen the lntake and the ovxhauest phascs commonly exlst-
ing In modorn engines which induce real scavenging phcnon-
ona in the combustlion chamber.

In any case, it 1s plausible and Justified to admit
that Ap(g) 18 a general function of tho ratilo DPg/Pg Of
exhaust to boost pressuro. In fact, tho DVL tests men-
tioned bv Zeyns and Oaroselll wors conducted with this
form of the funectlon. These experiments showed that

r(g) is largely domendent upon thc valve overlap and,

specifiocally, that it is not a linoar functiom of p./p,.
except for small ovaorlap values.

For the rinal proposals in tho prosont study, it 1ls
of ,roant importance to be adle to dotermine for tho test
ongine the values of Ar(a) at dlfforeont ratios Ps/Pa'

even when not concerncd with ar altitude test plant.
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Tho path of tho Ap(g) function corrosponding to the

values %ﬂ > 1, 1is obtained readily fror sinple bench
a

tests by tharottling the intake and by observing the air

consunption; 1t affords a short path for values of

%ﬂ <1, extending almost to the nmaxirum permlssible boost
a
pressure, The corresponding Ar(s) values for snaller

ratios of pg/pa ercountered at high altitude, can be ob-

tained if altitude equiprent 1s availadle, by extrapola-
tlon of the path of the computed curve.

Zens, using the results he obtained in the altitude
test chamber, presents a geries of curves for dlfferent
values of w7alve overlap which nmay serve as a gulde in such
extrapolation. With proper experinertal procedure, thils
extrapolation car be equallx facilltated. It is clear
that if the boost pressure could be raised Heyond the nor-
nal value to full throttle at sea level, the prodlen would
¥leld the garme result, since the minirun value of Ps/Pa

correpponds lnversely to the compressior ratlio of the su-
percharger which - tho slight differonce due to air-intake
tenporature being dlsregarded ~ is a constant wlth altitude,

Pais mothod of operation is not possible, generally,
bocnune, asido from cverstressing the engino »narts, the
phenonerna of detonation become so sovere ~8 to make onglno
operantion precnrious and, in arr case, so disturbing aos,
probadly, to iInflueace tho appraisal of tho wery phenone-
non that we want to bring into.s7ldence. However, oven so,
tho path necessary for the extrapolntion can bo reduced
to o nirinur through the use of a highor octane fuel than
spocifled for the ongino and by vushing the boost pressure,
1f not to full throttlo, at lenst to highor wvalues than
rornnlly uasod. '

' Thc rost of the oxtropolation can be groatly foreili-
tated b tho followlng expodiont: socure Ar(s) oy driv-

ing tho ongino fron nn olectric rotor, tho ignition belng
cut out ond tlhoe boost prossure raisod to the highest wvalue
obtalnadlo., Undor thoso conditions, tho onglno—-oporating
condltio=g oare naturally unlikeo those provailing nornally;
"80 nlso are tho offoects nf the phonomeonon in guestion,
elace tho nature ard tenporatiro nf tho residuary gnsos
nro dlfferont arcd, 1n general, the tonpornturo of tho on-
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—. 8lne parts 1ls different, In spite of this, it is note-~-
worthy that, for shape at loast, the curves that define
tho funetion Mp(4) are sinilar, so that tho second can
sorve as gulde to the first in the nocessary extrapolation,

This nothod merely calls for ah eloctriec motor of adequate
horsepower.

Flgures 2 and 3 i1llustrate various experimental re-
sults obtained at Guildonia, on the previously described
engine, .

Flgure 2 gives the alr consumption in relation to
boost pressure, for 2200 rpm. Figure 3 shows the coeffi-
clent An(y;) plotted against the pressure ratio Dpgy/p,.

Ar(s) is rectilinear over n wide range of Ha/Pa' and
diverges only at very high p./p,.

The stralght courgse of Ar(s) is Justifisd for the

ergine tosted with the smallest vnlve overlap; . in any case,
the slopc of the straight 1ine is better than that odbtalned
fromn (14) by assuning o plausible value per nmeter.

The defcrnination of Ar(s) wvag oxtended to much lower
values ‘of ratlo pg/p,., which were obtained by raising the

boost prossure alnost to that at sea level, ueing 100-
octano fuel in ordor to avold detorntion. PFiguro 3 shows
further, the - aluos for Ar(s) as obtalred when running
tho engine with aax eloctric notor. Thoso poirts fall, in
vory best approxination, on the particular Rr(s) curvo

obtalned in normal oporation, thus confirming the corroct-
noss of tho proviously suggested oxporinmontal nethod,

It 18 to be notod.thut tho colnecldeorce of the wvaluos
of Ar(s)- achleved in both cases, demonstrates that the
Phenomenon ls not affected by the residuary gns tempera-
ture. Howayor[ this result merits further confirmation.

' The calculation of the alr consumption P for a
speclflied speed at any p,a, P, and t can now be carried
out. '

With P(p) =and T(P)_ as the absolute atmospheric

pressure and temperature at which the tests were made, and
P* as the alr consumption observed in correspondence with
the value of the boost pressure p; equal to the atmos-~
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pheric pressure of the test P(p)* @ve find

P=P*2a AT . (15)

The coefficient Ar(s) iag that relative to the value
of ratio pg/pg, while T allows for the effect of tem-

verature on the filling or charge and which, in accord
wlth previous arguments can be expressed br the square
root of the inverse ratio of the absolute alr-intake tam-
peratureo

T = ;IE (16)

The »mrocedure can bo applied forthwith to the calculation
of the change in air consumption with altitude 1n standard
alr.

Up to the rated altitude the boost »rossure remains
constant; berond, however, it decreascs 1lr accord with e
law definod by the charanctcecristics of the superchargor and
of the alr intake and can bo computod by the mothods indi-
catcd herelnafter.

However, an approximation can be made and so the cal-
culation for a2boyve boost pressure, avoided. With subscript
n denoting .the quantity reletive to rated altitude, we
have at nbove this altitude:

: p, T (Ar s)) '
P, = Py % % /gg ‘X‘( 1 (17)
Pp Tp z (Ar(e))p
If, in the approximation, Brooks! formula is used to
represent the variation of r with the inductlon tempera-

ture, we find that the law expressed by (17) is much closer
to thet of the denpsity.

For 1llustration, the expression

)
Tz Pg To
To Po Ty

ls developed in relation to the nlfituda in stendard

a)Tha clight variation of x(r)a at above roted altitude
car be dlsregarded.
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air for o compression ratio of r. = 1.7. Ag shown in

“tadle I, the valuos obtainad are much closer to those of

tho relntive donsity 8.

.

TABLE I

Altitude '

in stand- 3 s ] [1+o.oooas ro (to-t,)] %—Q
ard air Po z
0 1 1

1.000 0.9075 0.9077

2.000 .8215 .8217

3.000 . 7421 .7422

4.000 .5585 .8380

5.009 .5008 .5992

&.000 .5384 5383

7.000 .4811 .4781

8.000 .4288 .4245

9.000 .3805 . 3758
10.000 .3368 .3312

11.000 .2969 .2909

APPLICATION OF {ETHOD TO POWER DEVELOPED IN FLIGHT

In the general case, previouslwv dliscussed, we have the
pProolem of determinir, the power developed in flight on
the vasls of data supplicd d» alrcraft instruments: eangine
speod, boost nresaure, atmospheric presaure, and tempora-
ture.

By the indicated moethod, basod upon tho data observed
in test at sea level under specifiesd corditions of atmos-
Pheric pressure and temperature, and for different opeeds,
we compute the air-consunptiorn - and from it, the Dower de-
veloped - through the consumption-power curve and applica-
tion of the correction for the éifrerence in boost and
exaaust pressure.

The operations are longer thar with the method of
Passlng directly from the calibratior curves obtaired st
sea levol to the horsepower =t altitude, dut ther afford a
suporior approximation, evsdocisliy in the crulsirg range,
whero the sctual corrcction formuias nre usually far from
nccureto,
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Aside from.that, the knowledge of alr consumption un=-
der those conditions can bo useful. We stress the possi-
bllity of calculatinz, in this manner, the fuel consump-
tior whlch must be maintained at altitude 1in order to
achleve a prearranged air-Fuel ratio.

The mathematical operations carn be almost completely
elizinated and the approximation nade ever closer 1f the
quantity of alr inducted in the engzine is observed direct
in £flight by meazs of a nozzle.

Thls practice neritas serious consideratlion since 1t
does rot present spoclal difficulties and the knowlodge of
alr consunption can be very ugseful, as already stated,
through tho posslbility of affordirg no chock or the mlix-
ture ratlo by way of the contemporary nmeasurement of ‘fucl
consunption.

VARIATION OF CO.MPRESSION RATIO OF SUPERCHARGER WITH

ALTITUDE AND TEST HZTHOD OF PREDICTION

The inductiorn terperature varles with the comprossion
ratlo of the supercharger.

This fact i1s . ecerally taken into account by applFing
to the compression ratio observed in vench tests, a correc-
tlon factor suggested by Brooks at:

ry = rp [1 + 0.00083 ry® (tp - t;)] ~ (1a)
This ie ar experimertal correctior Formula.

Theoretically, a formula can be obtailned which dbrings
out the erffect of intake temperature oz tiae compressior
ratlo or equalizing tie efective prevalence walch 1is od-
taired by the two dirferent intake temperatures ir question.
We obiain:

ry = Tp [1 + (;E -1) (2 - (%)mil)]iﬁ (18)

where m 1s the expornent of the polrtroviec process, accord-
ing to whlch the comprossion oporates.
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A similar formula proposod by Zorns and Oaroselll pre-~
supposes constancy of tho adlabatlic prevalence.

On comparison of the theorotical formulas with those
by Brooks, 1t 1s found that tho obtalned values are 1ln
good agrooment for compressior ratlos up to 2.5 and for
altlitudos up to 6000 motors, whereas noove that, the diis-
crepancles become consideradle.

Forrmula (la) 1s applicadble only on the assumption that
the superchanrger oporates constantly at the same Dolint of
ite chnractoristic marometric curve - a hypothesis not ,on -
erally satisfied bPr¥ clhanging altitude, =s shown later on.

The use of corroction Formulas c~n by avolded by nnak-
ing uso of tho oxperimental method su,zcsted hero, and
which derlves diroctly fror tho conditions of similltude
for contrifugal suporchargers dovelopod ¥ BR. S. Capon and
G. VY. Brooke (reforonce 3).

The cited ~uthors effected o dimensional analreis of
paraneters on walch the characteristics of a centrifugal
supercanrzer devend. Disregarding the effects of distor-
tion of the supercharger cnging, the heat flow through the
casing and, in the range of normal desiins, the scale of-
fect, we hnve:

Pg Pa Ta Ilc n
’ a

P1 P1 Tl i—nca Dg
&
r P g
= func.| -r'/—— ng D f-l] (19)
LD P, P, P,

whero the bracketod terms indlicate nondlmensional varia-
bles or, not considering the constant terms:

/T,
~4,

y IT
ﬂl. EE, ra, ___WE__H, ﬂa = funec [
) 1

Lg
TT=1 (20)

P, p, &and T are, respectively, the absolute pressure.
denglity, and temperature at the supsesr-
charger intake and delivery

n rpm of the supercharger rotor
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' 1".[c power regquired to operate the rotor

Mg adladatlic officiencyr

D linear dimension of a supercharger re-
lated to & family of geometrically
similar superchargers (for instance,
dlameter of rotor?

In the application of these rolatlons of similitude
to tho oporatlon, at altitude, of a supercharger attachsd
to the englne, the quantity referrirg to the tost run at
sea level 1s denoted by subscript », and to that at alti-
tude Z, Yy =.

If 1t vwore possiblo to realize tho two equalitios

Uz Sp | VT1(z) -p ¥ T1(2) (21)

P N

T.() JTaum) ° Puz) T Pap)

simultanocously, the supcrcharger would operats under condi-
tloas of slmilitude ard thean tac compression ratlo arc well
as the other ciharactoristics obsorvod in the ground teost,
would bo equal, at altlitude, to thome for ng .

Iz roanllty, the two conditions of similitude aro im-
posslblo to achiove lndopendont of onc drother bqeause tho
supcrcharger 1e cornncected to theo englroe; hence -1ts condi-
tlouns of operation aro linked uith thome of the onglne.

The firat cordition. of similitude can bo exprossed 1n
the form: :

Q = —-—-T—-l-i-z—)- = 1 ( 22 )

Wo wvorifr tho wvaluo which tho ratlo assumcs in thls case:

)
i rlz (23)
-5,

D

B =

1l
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go that. 1f.the second condltion of .similitude were also
satisfled, the result would be equal to 1. We can put
zC n-;\

= Z0 n 5 Pa

P = r Ya = r(p) Ar(ﬂ) (24)
) r(T)
T -
The temperature X—?E; of the fresh charge in the cylin-
r :
der differs from the delivery temperature T, of the super-

charger, as a result of the heat transfer between mixture
and supercharger walls, and we can retoin a certain fune-
tion f£(Ta) of 1it:

- P
=22 M) Melo) 3y (25)

Function f£(T;) presumably, shall be such that the

ratio .botween the two different altitude values can be re-
tained betweon the ratio of Ta and the ratlo of / Tg.

The substitution of P 1in the fornula for B affords:

zy, (Pr(p)), Pr(a)), (f(Ta ) (Pl g
mp (M) ()T /ﬁf) )

(26)

\f(Ta)

where p, 1is the pressure at delivery, colncldent with
that of tho boost, and P, the induction pressure coincl-
doent wlth the atmosphoric pressure in operation at alti-

tude and distinct from it; colnciding instead with tho
pPressure in the "box" under test conditions.

)
Assunming ( ) =1, which is Justified Dy equall-

(Ar(p))
ty of p// Ty, and ‘oearing in mind that

ng _ (J/Ta)g
o ("/Tl)p

&tlves
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o\r(s))i (—'('T'T)
A 1'
Trla)ly 7 *w—J)p

To check the limits within which the varlatlion of B
is contained, the two assumptions relating to £(T3) are
studiled gevdarately.

Asgumption 1l:

T
£(Ta), (Ta) (Ar(g)) T, (Ei) (28)
T, T, Ax(0))p Te (72)

2p

It affords:

where n 1s the exponent of the polytroplc process of com-
presslon, and hence

(Ar(s)) r 2
T o)y T =

. Having achiovad tho first condition of similitude,
which oxpericnce shows to bc that of the greater effoct on
tho comprocsion ratio, we can rotaln ry = rp in flrst

approximation, hence

- r(s)’yg (30)

Aggumption 2:
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B ST f@) J 32
@ r(“))p " J/ﬂ_———— vf?;:__

3-I
T
(7\1,(8), Q'E'E <T1)p
Tp
and agaln retaining ry; = Ty in first approximation, we
find:
8 Ar(s)) (T1),
B ?Xr(s)) (T1)P

In order to gain ar 1dea of the values that B mayr
assume - referrlng to the engine on which the experimental
date were obtaired - the P value was computed over the
range from rated altitude of 860 mm Hz boost pressure,
egqual to 3600 m and zero altitude in standard air. Hence,
the two assumptions of £(T,):

Agsumption 1:

p = 1-096 = 1,069
1.025

Assumption 2:

g - 1.098 [264.6 _, (oo
1.025 288

Ratio P thus assumes values relatively at little
variance with unityr; provided the First condition of simil-
1tude o7 the supercharger, a = 1, has been realized, it
automaticallr and epproximately affords the second condi-
tion, P =1 - at least, for well-proportioned supercharg-
ers operating in the flat reglon of the characteristic "man-
ometric curve.

In any case, it will alweys be possible - at least,
theoretically - to put B =1, Dy suitable manipulation
of the boost pressure in the bench test, to a value higher
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than that of the -operatlion from walch we seek the reated
altitude. For example, in tho above case, we have: boost
prossure from which we svek the ratod altitude, 850 mm/Hg.

Agssumption 1: bocst pressure to be reached in bench
test, in order to odtain P = 1,
1342 mn/EHg.

Agsurption 2: boost pressure to bYe reached in test
on ground, in order to obtain B =1,
993 mm/Hg.

Iz the first ccse, the resultent Doost pressures zre
nuca higher and, in gereral, not compatidle with safe op=-
eration; in the second case, however, the values would be
obtalnable b7 usirg a higher octane fuel.

Effecting the determination of the rated altitude dbr
t2e conventional method, the value of P departs consist-
entlyr farther from unitr, thus introducing a new source of
error, waleh 1s difficult to check with a correction formu-.
la, as the effect on the compression ratio would certainly
differ from one suvercharger to the next, according to the
shape of its characteristic curve and the zone ir whiech
the supercharger happers to operate.

To calculate B 1ir such & case, the assumptions for
f(Ta). the variations of Ar(p) belrng disregarded, Zive:

Agsunption 1:¢

_ ' (7\:,:.(5))1l r:_
a-nm

B
(?\-r(s))P rP

Assumption 2:

It 18 noted that in the test - as it 1is now conducted -
conditions are still worse from tais standpolnt; in fact,
in a2ttempting to Find br triel, the altltude at whiech the
corrected Doost pressure is equal to that flxed beforenrand,
we operate at much lower effective boost pzfaaurg than nor-
y r)s
mal arnd ienca, with a still hlgher ratio ?xi"——jg then
(r)s’y
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— that consldered in.the preeceding exanmple.

The effect of placing the operatlng polnte of the
superczarger on 1ts characteristic ocurve, was confirmed oF
the previously described Fliat altitude-~chamber tests on the
A-80-R0-41 engine, which manifested a drop in compresslon
ratio by a decroase of pressuré in the exhaust.

Application of the new method suggested for determin-
i:g the ratod sltitude, derives directly from what hes
previously been said.

Wishing to detcrmine for n specified spood, the a2ltiw
tude &t which 2 certain boost pressure 1s re-established,
readings were taken witk the "bhox" at different a2ltitudes,

reelizirg for each test, the condition @ =1 and, possloly,

B =1. Taher we plot a curve siaowing tae compression ratlo
in relation to the altitude; the intersectlon of the curve
with that L ivern by the ratio of the prescrived boost pres-
sure and that corresvonrnding to the altitude, gives the
rated altitude. Pigure 4 showse the results of such exper-
imerts.

Althougih not explicitlyr statéd, it is undorstood that
Capor and Brooks!'! laws of similitude aro applicable to su-
percaargeors in vwiaich the fluid iz air, exclusivelyr.

Oz the other nard, the new method proposed here can bs
satlsfactorily applied, disregarding divers facts of heat
oxchange with tho outside across the suporcharger walls, in
whlch the agseociatior of fuel with air ls achieved aftor
the gupoerciaarger. The method is not applicable, excopt
approximetoly, to engines provided with aspirated cardu-
retors. The vaporization of fuel has, as noted, a Donefl-~
cial offoct on the compression ratio of tho supercharger.
Tho effeoct of fuol vaporigzation is translated into a low-
ering of the irntake tomporature, a charge in specific heat
and in the exponent of the adiadbatic; and a subtractior of
heat during compression, if vaporizution.it achioeved 1n
the suporcharger. The rosults vary according to whether
tho vaporization occurs -vbofore_the supsrcharger or 1in 1%,
and procisely in the latter case tho change in the compraes-
slon ratio 1s a =izor one.

Changing.the .alr pressure and temperature entering
the corburetor,. changes the rate of: evaporation of the
fuel in direct proportion-te the differernce bvetween satu-
‘rated vepor tensloan-ond partinl .vapor tenslion; in tals
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case, of course, 1t is no longer possible to assume ry =
Tp, since not even the first condition of similitude is

satlisfled.

Revertling to the engine described in the foregoing
for comparing rg; arnd Tp ncecording to Brooks! formuls,
(Ar(s))z/(Ar(s))p is assumed to be equal to the originnl-

ly corputed value, and Tp = 1.7. Under these conditioas,
we find:

1.129

Approximation 1: B
Approximation 2¢: B = 1.098

inversely proportional to the total pressure. In conse-
quence, it is to be expected that the ratios of the frac-
tione of fuel evaporating first wlill vary, lnslde and behind
the supercharger, with ite consequent effects on the com-~
pression ratio of the supercharger which, presumedly, will
be detrimental as the nltitude increases.

In point of fact, nc dato z2re avalladle b which tails
phenomenon could be taken into account with any de,ree of
certalnty; thereforo, as its offect is not of great impor-
tance, 1t may be disrecarded ir the first approximation,
pending experimental confirmation.

To illustrate the effect of fuel evaporation.on the
conpression ratio, ir figure 5 are shown the manometric
charactcristics of tiae engine supercharger in our experi-
merts with acd without evoporation of fuel.

The top curve is that of normal engiro operation;
the lower curve was obtalned dbr ruxnring the engine by elec-
tric notor with igrnition cut off and gasoline flow inter-
rupted.

APPLICATION OF LETHOD AND COMPARISON WITH RESULTS
OBTAINED IN ALTITUDE TEST CHAMBER

A8 an 1llustrative example of the suggested method,
weé computed the curve of the horsepower. variaeation wita
altlitude 1n stardard air on the same engire that furnished
" all -tae foregoing experimental data. The alr consumptiorn
and horsepower developed at' the constant speed of 2200 rpm

I
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are shown plotted azalnst the altitude in filgure 5.

The rated altitude for normal boost pressure of 860 mm/
dg, was also plotted br the foregolng experimertal method
(ses Tig. 4), ard the air consumptior and horsepower up to
this altitude wers computed on tae basls of constant voost
pressure. Above this altlitude, the approximate law of
change of pir consumption is assumed to apply proportiocnal-
lr to the ratio of ths density at the altitude in question
ard that at the rated altitude. It is interestinrng to com-
nare the obtalred results with those made In the aitlitude
test chamber under aciual corditions of temnerature acd
pressure at altitude.

I- sarticular, we refer to the tests ir the Fiat alti-
tude chember on the A-830-RC~-21 ergine which, so far as ve
know, are the most complete tests made or a supercharged
er,ine.

A cocnarison of results or other ezgires should fur-
nisih a useful gulde %o further resserch.

For the ergine to which the new method was applied,
we obtained, between altitude O and rated altitude of
35600 meters, a 1lE.3-percent increase ir power - equivalent
to an average ircrease of 4.25 percent per 1000 meters.

For the A-80-RC-41 sungine in the altitude test cham-
ber, .the increase in power amounted to 17.4 percent dbetiveen
altitude O and rated altitude of 725 nm/Ez - equivalent to
4100 meters, or a mean increase of 4.25 percent per 1000
meters alitituds.

Applring tc the power at zero altitude tiae correc-
tions actually employed for the temperature and the de-
preselon of the exhaust, we obtain within average limits
of ~2ltitude, a rmean increase of around 3.60 percent per
1000 meters altitude.

Applring the formula ‘accordirg to present Italian
aeronautical standards, as far as they aave beon estad-
lished, to the brako-korsenower readlng ir the test with
correction hox,

529 + bp ¢, , 750 - Pg

1+o. <! a -
[ 00083 rp” (tp t’)] 529 + tg 73500

we obtaln, always within average sltitude limits, for the
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A-80-RC-41 engirne, an incremse in vower o€ only 3 percent
per 1000 meters altitudq. )

The ergumenrt now beiné made saould not, however, lead
us to concluds that the horsepower computed by the pregent
standards is irn everr case below the real horsepower. ~Dils-
counting tae *act that resulfs can change from one engine
to the zext, it should be roted that br-itké conventional
method, tz2e rated altitude is generally overestimated; taus
2t becomes Dossible t6 recover by this method, the loss
tarough thoe other method.

The proposed mothod presents still-other advantages
over tae present correction formulas at low boost pres-
suree, waore errors alwarys become greater. In fect - al-
wars with reference to the altitude-chambsr teats on the
A-80-RC~41 engine ~ s comparison of the callbration curve
at the normal speed of 2100 rpm, ot 4100 metera._in steand~
ard alr, wita that computed o~ Brooka'! formula, disclosocs
a percertrge error rising from 4.4 porcent to 23.25 porcont
for a change in boost prossure from 750 mwm/Hg to 500 mm/Hg.

CONCLUSION

Tho mncthod of celculatlizg tse characteristics at alti-
tude, of supercaarged onglinea, bzsed on tho consumption of
elr, is & more satisfactor; procsdure from a loglecal point
of wvlew, than the conventional correctlion formulas ond of-
fords a mors nccurxte calculcation of the aorscvoweor at nl-
titude, ospecially &t low boost prossures.

Onc important wvalue oF trkis method is, that it enadlos
the detormination, on tho tost oengine direct, of thc offect
of thc doprdéssion ir the oxznust or the cyliudor filling -
waich vormits the oxact anprzisal of a2 factor, in resnoct
to walch greater variotr of bolhavior “rom the different
engine pnarts mar bo expected. ) {

Tho motaod ‘cat be rofined aftor ndaquats resoarca in
the altitudo tost chcnober, iz order to ostadliea a moro zc-
curate averago law reprosenting thc effeet of asir-intake
tenpor turo on air consumntion and the value to be attrid-
uted. to tao variation iz pumping power due to tho diffor-
engo vbetweor bqoat ard exhaust back rrossuro.

Thc correlantion vetwooer pir consumption and horsepower
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can be usofully applled tc the detormlinantion of the power
expocted in flight, bd¥ obseorvatlion, with sultadle equip-
nent, of the air congsumption of the ergine. IExperinents
for thilsg purpose are under way and will be dliscussed in
duo time.

Trarslation b J. Varioer,
Natlonnl Advisory Connmlttes
Tor Aeronguticn.
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